ABSTRACT Plant essential oils from 21 plant species were tested for their insecticidal activities against larvae of Lycoriella ingenua Dufour (Diptera: Sciaridae) by using a fumigation bioassay. Good insecticidal activity against larvae of L. ingenua was achieved with essential oils of Acorus gramineus Solander, Schizonepeta tenuifolia Briquet, and Zanthoxylum piperitum De Candolle at 25 g/ml air. S. tenuifolia oil showed the most potent insecticidal activity among the plant essential oils. At 12.5 g/ml air concentration, S. tenuifolia oil caused 96.6% mortality, but mortality decreased to 60% at 3.125 g/ml air. Analysis by gas chromatography-mass spectrometry led to identiÞcation of three major compounds from S. tenuifolia oil. These three compounds were tested individually for their insecticidal activities against larvae of L. ingenua and compared with the toxicity of dichlorvos. Pulegone was the most toxic, followed by menthone and limonene with LC 50 values of 1.21, 6.03, and 15.42 g/ml, respectively. LC 50 of dichlorvos was 8.13 g/ml. Effects of S. tenuifolia and its components on growth of Pleurotus ostreatus (Jacq. ex Fr.) Kummer also were investigated.
Since artiÞcial mushroom culture started in Korea in 1972, various mushrooms have been cultivated annually. Edible mushrooms, such as champignon, Agaricus bisporus Lange; oyster, Pleurotus ostreatus (Jacq. ex Fr.) Kummer; pÕygo, Lentinus edodes Berk; and velvet stem, Flammulina velutipes (Curt. ex Fr.) Karst, have been most commonly cultured in Korea . However, "mushroom ßiesÕÕ from the families Sciaridae, Phoridae, and Cecidomyiidae have been reported to cause serious damage in mushroom production. Six species of mushroom-infesting ßies have been reported, including Lycoriella ingenua Dufour (Diptera: Sciaridae) and Bradysia sp. in Korea Hwang 1996, Lee et al. 1999) .
Sciarid ßies occur almost worldwide, and some species of the genus Lycoriella are acknowledged to be the most threatening pests, causing serious damage to mushroom production (Menzel and Mohrig 1997) . Yield reductions in commercial mushrooms from L. ingenua can reach 17% or more (Cantelo 1979) . Control of L. ingenua primarily depends on continued applications of synthetic pesticides such as diazinon, chlorpyrifos, carbofuran, dißubenzuron, and methoprene (Cantelo and McDaniel 1978 , Kalberer and Vogel 1977 , Kim et al. 2001 . However, there are environmental and human health concerns with synthetic pesticides. To avoid these environmental and health problems, there is a trend to search for naturally occurring toxicants from plants. Plant essential oils may provide potential alternatives to currently used L. ingenua control agents because they constitute a rich source of bioactive chemicals and are commonly used as fragrances and ßavoring agents for foods and beverages (Isman 2000 (Isman , 2006 . Furthermore, many, but certainly not all, phytochemicals are safer to the environment or humans than most traditional chemical insecticides. Although some phytochemicals have been shown to be toxic to mammals (Than et al. 2005) , plant essential oils are volatile and therefore do not leave toxic residues. In this study, we selected 21 aromatic medicinal plant species to extract essential oils and assess insecticidal activity of plant essential oils against larvae of L. ingenua by using a fumigation bioassay.
Materials and Methods
Sources of Insects and Chemicals. Adult L. ingenua were collected, by use of aspirators, in a mushroomgrowing room at the Korea Forest Research Institute, in January 2005. They were then put into petri dishes (87 mm in diameter) Þlled with Pleurotus ostreatus grown on PDA medium. Flies were left for 48 h at 22 Ϯ 1ЊC, 80% RH, and a photoperiod of 16:8 (L:D) h to lay eggs. Hatching larvae were reared with P. ostreatus under the same conditions. (Ϫ)-Menthone (purity 90%), (Ϫ)-pulegone (purity 98%), and (ϩ)-limonene (purity 97%) were purchased from Aldrich (Milwau-kee, WI). Dichlorvos (purity 99.5%) was purchased from Chem Service (West Chester, PA).
Sample Preparation. Plant species used are listed in Table 1 . Twenty-one plant samples were purchased at Kyungdong medicinal market (Seoul, Korea), and essential oils were extracted by steam distillation as described by Park et al. (2003) . In brief, plant samples (Ϸ1,000 Ð1,600 g per sample) were mixed in a blender, diluted with distilled water (800 ml) in a 2-liter ßask, and steam distilled (100ЊC). Yields of essential oils extracted with steam distillation in laboratory are given in Table 1 .
Gas Chromatography-Mass Spectrometry (GC-MS). A 1-l sample of the essential oil dissolved in hexane [essential oil:hexane, 1:100 (vol:vol) ] was analyzed on a gas chromatograph (HP6890, Hewlett Packard, Palo Alto, CA)-mass spectrometer (JMS-600W, JEOL, Tokyo, Japan). The GC column was a 60-m by 0.25-mm i.d. (0.25-m Þlm thickness) fused silica capillary column (ZB-WAX, Phenomenex, Torrance, CA). The GC conditions were as follows: oven temperature, isothermal at 40ЊC for 5 min then programmed to 220ЊC at 2ЊC/min and held at this temperature for 5 min; and ion source temperature, 200ЊC. Helium was used as the carried gas at the rate of 1.5 ml/min. Efßuent of the GC column was introduced directly into the source of the MS. Spectra were obtained in the EI mode with 70-eV ionization energy. The sector mass analyzer was set to scan from 50 to 800 atomic mass units for 2 s. Compounds were identiÞed by comparison of mass spectra of each peak with those of authentic samples in a mass spectra library (John Wiley & Sons, Inc.) . Comparison of retention times with authentic samples were analyzed on ZB-WAX column (60 m by 0.25 mm i.d., 0.25-m Þlm thickness, Phenomenex). The GC conditions were the same as described above.
Bioassay. Insecticidal activity was evaluated using a fumigation bioassay. An appropriate concentration of each plant essential oil dissolved in acetone was applied to a Þlter paper (Whatman No. 2, 4.5 cm in diameter), and the treated Þlter paper was placed in the bottom lid of a glass cylinder (5 cm in diameter by 10 cm) with a wire sieve Þtted at 3.5 cm above the bottom after which lids were tightly sealed with sealing Þlm (Whatman). Test insects were placed on the sieve. This prevented direct contact of insects with the test plant oils and compounds. Twenty 7Ð10-d-old larvae were used in each replicate. A disk (1 cm in diameter) of P. ostreatus grown on PDA medium was supplied as food for larvae. Treated insects were held at 22 Ϯ 1ЊC, 80% RH, and a photoperiod of 16:8 (L:D) h. Mortality was determined 1 d after treatment. All treatments were replicated six times. Nominal concentrations in the air in the glass cylinder were calculated using an assumption that all of the oils or compounds volatilized off the Þlter paper.
Effect on the Mycelial Growth of P. ostreatus. Effect of S. tenuifolia oil and its components on the mycelial growth of P. ostreatus were examined by the method of Alvarez-Castellanos et al. (2001) . PDA plates were prepared using plastic petri dishes (87 mm). Agarmycelial plugs (7 mm in diameter) of P. ostreatus were inoculated at the center of the dish. The petri dishes were placed with the lid upside down. Essential oil of S. tenuifolia and its components were introduced onto a paper disc (8 mm, Advantec, Tampa, FL), and the disc was placed on the lid without agar. The treatments were incubated at 28ЊC in the dark. Colony growth diameter was measured after the fungal growth in the control treatment had completely covered the petri dishes. All treatments were replicated four times. Growth inhibition of treatment against control was calculated by percentage, by using the following formula: % inhibition ϭ C Ϫ T/C ϫ 100, where C is an average of four replicates of hyphal extension (millimeters) in control, and T is an average of four replicates of hyphal extension (millimeters) of plates treated with either the essential oil or an individual compound.
Statistical Analysis. Larval mortality and mycelial growth inhibition were transformed to arcsine square root values for analysis of variance (ANOVA). Treatment means were compared and separated by Scheffé Õs test, and LC 50 values were calculated by probit analysis (SAS Institute 1999).
Results
Insecticidal Activity of Plant Essential Oils. Twenty-one plant essential oils tested varied in toxicity to larvae (Table 2 ). Of these, good insecticidal activity against larvae of L. ingenua was achieved with essential oils of Acorus gramineus, Schizonepeta tenuifolia, and Zanthoxylum piperitum at 25 g/ml air. S. tenuifolia oil showed the most potent insecticidal activity among the plant essential oils. At 12.5 g/ml air concentration, S. tenuifolia oil caused 96.6% mortality, but mortality decreased to 60% at 3.125 g/ml air.
Chemical Components of S. tenuifolia Oils. Fig. 1 shows a chromatogram of S. tenuifolia essential oil by using a ZB-WAX fused silica capillary column. The main components of S. tenuifolia oil were 1) (ϩ)-limonene (4.5%), 2) (Ϫ)-menthone (49.7%), and 3) (Ϫ)-pulegone (43.3%). The Þrst peak on the chromatogram at Ϸ15 min was solvent (hexane) peak.
Insecticidal Activity of Individual Compounds. Insecticidal activity of S. tenuifolia oil, three main compounds and dichlorvos are shown in Table 3 . The LC 50 value of S. tenuifolia oil was 2.25 g/ml. Among the test compounds, pulegone was the most toxic, followed by menthone and limonene with LC 50 values of 1.21, 6.03, and 15.42 g/ml, respectively. The LC 50 for dichlorvos was 8.13 g/ml.
Effect on Growth of P. ostreatus. Effect of S. tenuifolia oil and its components on the mycelial growth of P. ostreatus is shown in Table 4 . Inhibition rates of S. tenuifolia oil against P. ostreatus were 39.6 and 38.5% at 49.7 and 24.8 g/ml, respectively. S. tenuifolia oil did not inhibit the mycelial growth of P. ostreatus at 12.4 g/ml. Limonene was the least toxic to P. ostreatus among test compounds. Inhibition by pulegone was 75.4% at 49.7 g/ml, but mortality decreased to 40.4% at 24.8 g/ml. At 3 g/ml, no inhibition was observed. Inhibition rates of menthone were 36.8 and 30.7% at 49.7 and 24.8 g/ml, respectively.
Discussion
Plant essential oils have potential for L. ingenua control because many of them have little or no harmful effects on the environment and humans, and they may be applied in the same way as conventional insecticides. Furthermore, plant essential oils are highly volatile and therefore do not leave toxic residues. Strong insecticidal activity was produced from the plants belonging to the families Labiatae (S. tenuifolia), Araceae (A. gramineus) and Rutaceae (Z. piperitum). S. tenuifolia was the most effective against L. ingenua. Jacobson (1989) pointed out that the most promising sources of novel plant-based insecticides are species of the families Meliaceae, Rutaceae, Asteraceae, Annonaceae, Labiatae, and Canellaceae.
S. tenuifolia has been cultivated in China, Japan, and Korea and is used for the treatment of common colds, fever, sore throat, allergic dermatitis, eczema, and psoriasis (Fung and Lau 2002) . Early studies have indicated that S. tenuifolia essential oil possesses insecticidal activity against Reticulitermes speratus Kolbe (Park and Shin 2005) , antioxidant activity (Kirby and Schmidt 1997) , antipruritic activity (Tohda et al. 2000) , and hemostatic and antimicrobial activity (Zhu 1998) . S. tenuifolia contains Ϸ0.5Ð1.8% volatile oils, consisting mainly of menthone and pulegone and a small amount of d-limonene (Fung and Lau 2002) . In this study, these same three major components were identiÞed by GC-MS analysis. Menthone was the most abundant compound followed by pulegone and limonene.
Two of the main components of S. tenuifolia showed very strong insecticidal activity against L. ingenua. Pulegone, menthone, and limonene have been reported to show insecticidal activity against stored product insects ( Lee et al. 2003) . In our study, pulegone (LC 50 ϭ 1.21 g/ml air) was Ϸ6.7 times as effective as dichlorvos (LC 50 ϭ 8.13g/ml air). Menthone, with an LC 50 value of 6.03 g/ml air, was Ϸ1.3 times as effective as dichlorvos. Only limonene (LC 50 ϭ 15.42 g/ml air) was found to be less toxic than dichlorvos in this test. Kalberer and Vogel (1977) reported that carbofuran decreased the output of A. bisporus when it was applied for control of L. auripila. Cantelo (1981) investigated the effect of seven commercial pesticides on mushrooms, and they reported that there was no effect on growth of mushrooms except with diazinon. In our study, the essential oil of S. tenuifolia inhibited the mycelial growth of P. ostreatus at higher concentration (38.5% inhibition at 24.8 g/ml air). However, no inhibition was observed at 12.4 g/ml air. At this concentration, S. tenuifolia oil caused 96.6% larval mortality. This result indicates that S. tenuifolia oil might be useful for control of L. ingenua without any deleterious effect on the mycelial growth of P. ostreatus at higher concentration. Pulegone produced a similar result, inhibiting mycelial growth of P. ostreatus at higher concentration (75.4% inhibition at 49.7 g/ml air). However, we did not investigate the effect of S. tenuifolia oil or its components on production of P. ostreatus fruit bodies. Such studies are required before S. tenuifolia oil or its component can be considered for the practical use as novel fumigants. a Means within a column followed by same letters are not signiÞ-cantly different (P ϭ 0.05, Scheffé Õs test).
